I. INTRODUCTION
Atomic simulation methods for modelling fluid flows often incorporate results and predictions from the macroscopic Navier-Stokes equation. In the homogeneous methods, it is assumed that the hypotheses underlying the Navier-Stokes equations still hold for microscopic systems and that the solutions to these equations describe accurately the simulated system. This is the case for the two main methods used to study a fluid undergoing planar Couette flow, i.e., nonequilibrium brownian molecular dynamics ͑NEBD͒ simulations and nonequilibrium molecular dynamics ͑NEMD͒ simulations. In that case, the steady state flow profile is postulated to be linear. In NEBD, 1,2 a shearing term ͑the linear flow profile͒ is added to the equations of motion of the Brownian particles. In NEMD simulations, the reference to the flow profile is made in the thermostatting force, added to account for the dissipation of heat: The thermostat interprets as thermal motion any deviation from the linear flow profile. This thermal motion is then effectively rescaled to ensure the temperature is controlled. 3 While assuming a linear flow profile is certainly correct for a single component liquid undergoing planar Couette flow at moderate flow rates, it is incorrect in many cases. If the fluid undergoes some shear induced ordering or phase transition, 1,2,4 -7 the simulated system will not be homogeneous any more and one cannot expect the flow profile to be linear any longer. If the fluid flows past a wall, it will exhibit some behavior-stick or slip at the wall depending on the wall-fluid interaction and on the wall corrugation-which is unlikely to be consistent with the overall assumed flow profile. If the shear rates are very high, hydrodynamic stability theory predicts that a sinusoidal secondary flow develops on top of the linear flow profile. 8 This prediction has been confirmed by recent NEMD simulations performed with a configurational thermostat which does not require making any assumption on the flow profile. 9 Assuming and therefore enforcing a flow profile can have a dramatic effect on the system properties. A notorious and still controversial example is the so-called ''string phase.'' [10] [11] [12] At high shear rates, imposing a linear flow profile results in the spurious alignment of particles in strings along the flow direction. 9, [13] [14] [15] It is believed that these effects are negligible at low shear rates. Indeed, since heating is proportional to the square of the imposed shear rate in a NEMD simulation, the quantity of heat removed by the thermostat and hence the extent of the effect of the thermostatting forces will be less significant at low shear rates. We show in this work that even at shear rates regarded as low for molecular dynamics applications, 4 the reference to an inaccurate flow profile in the equations of motion can have significant effects.
The paper is organized as follows. In the next section, we describe the two numerical experiments we perform in order to highlight the importance of these effects. We then present the simulations techniques used in this work, i.e., the usual NEMD method assuming a linear flow profile-the so-called profile biased thermostat ͑PBT͒-and a NEMD method making no such assumption-the recently developed configurational temperature thermostat. 16, 17 We point out that the configurational thermostat is the only thermostatting method free of such assumptions that has been proposed to date. Previous attempts to devise profile-unbiased thermostats ͑PUTs͒ focussed on determining as accurately as possible the flow profile. The limitations of these PUTs were similar, though less severe, to those of the PBT: they relied on the postulate that one can make an exact partition of a particle velocity between thermal motion and flow profile for all particles at all times and led to contradictory results. 13-15,18 -20 We finally discuss and compare the results obtained in the steady state for both simulation methods.
II. DESCRIPTION OF THE NUMERICAL EXPERIMENTS
We perform two simple numerical experiments on a fluid flowing past a wall. The two experiments only differ by the nature of the wall-fluid interaction. The wall is chosen to be smooth in the first experiment while it is corrugated in the second experiment. We insist on the fact that the purpose of these experiments is not to give a realistic description of fluid flows but to highlight effects arising from assumptions on the flow profile.
The simulation setup, common to both experiments, is the following. We consider a confined fluid in equilibrium. The fluid is contained in a cubic cell of edge length L and the wall is located in the plane yϭ0. This system is replicated in the three directions of space according to the usual periodic boundary conditions. We start the experiment ͑time tϭ0) from an equilibrium configuration of the confined liquid and the corresponding equilibrium distribution of velocities for all particles. At time tϭ0
ϩ , we superimpose a linear velocity profile on the equilibrium velocities of all particles of the fluid and of its periodic images. The flow profile at tϭ0 ϩ is plotted in Fig. 1 for the simulation cell (0рyрL) and its two nearest periodic images in the y direction. As shown in Fig. 1 , the fluid flows in the x direction and the velocity gradient lies along the y axis. This is the local thermodynamic equilibrium flow for planar Couette flow. We now explain which steady state flow profiles we expect for the first experiment, i.e., a fluid flowing past a smooth wall. There is internal friction within the fluid since particles interact with each other. However, there is absolutely no friction at the wall-fluid interface. ͑Note that fluid particles cannot interact with each other through the wall.͒ This has two consequences: ͑1͒ the fluid is going to slip past the wall and ͑2͒ the linear flow profile is not stable any more. In the steady state, we expect the flow profile to be uniform as for a plug flow. Since momentum is conserved, the whole fluid should move at a velocity of ␥L/2 where ␥ is the slope of the linear profile, or the shear rate imposed at tϭ0 ϩ . The predicted flow profile is plotted in Fig. 1 .
We now turn to the results expected for the second experiment, i.e., a fluid flowing past a corrugated wall. This case is much more complex since one cannot a priori know the nature of the boundary condition ͑stick, slip or locking͒ at the wall-fluid interface. We can nonetheless expect the two following behaviors. For sufficiently low values of the initial shear rate, friction at the wall-fluid interface will slow down the particles of the fluid close to the wall and will lead to a linear profile ͑possibly with some slip͒. For high values of the initial shear rate, friction at the wall-fluid interface plays little role and we expect to recover a plug flow velocity of ␥L/2.
III. SIMULATION TECHNIQUES
We carried out simulations of these experiments for a wide range of shear rates with either the usual NEMD method assuming a linear flow profile, i.e., using the socalled profile biased thermostat ͑PBT͒ or a NEMD method making no such assumption, i.e., using the recently developed configurational temperature thermostat. 16, 17 In both cases, we used the SLLOD equations of motion 3 supplemented with the corresponding thermostatting mechanism. We point out that applying the adiabatic SLLOD equations of motion to a fluid is in fact equivalent to ͑i͒ initially superimposing the appropriate linear velocity profile to the actual velocities of the molecules of the fluid and ͑ii͒ afterwards applying Newton's equations of motion to this fluid. Thus, in the absence of any thermostatting mechanism, the SLLOD algorithm does not exert any constraint on the steady state flow profile: the system is thus able to choose its own flow profile consistently with Lees-Edwards periodic boundary conditions. 21 The PBT equations of motion are
where is the thermostatting multiplier given by Gauss' principle of least constraint 
This method fixes the kinetic temperature estimated through
where N is the total number of particles and k B the Boltzmann constant. The configurationally thermostatted equations of motions are 16, 17 
where T conf is a configurational expression for the temperature evaluated according to 22 ,23
where ⌽ 0 is the potential energy of the system. In these equations, r i and p i are the position and ''peculiar'' momentum ͑i.e., with respect to linear streaming velocity profile ␥y i e x ) of particle i, F i the Newtonian force exerted on i and m its mass. T is the imposed temperature and Q is a damping constant. ␥ϭdu x (y)/dy is the imposed shear rate and e x is a unit vector along the x axis.
When a PBT is used, the thermostatting force acting on particle i is equal to Ϫp i . It is proportional to the momentum which is peculiar with respect to the linear flow profile. Equations ͑1͒ are thus only correct when the actual flow profile is identical to the assumed profile. Equations ͑4͒ on the other hand make no assumption about the streaming velocity profile.
We study an atomic fluid modeled by the WCA potential
where m is the mass of an atom, the well depth of the pair potential, and the particle exclusion diameter. Interactions between particles located on opposite sides of the wall are forbidden. In the remainder of the paper, we use a reduced system of units, where the unit of mass is m, the unit of energy is , and the unit of length is . All simulations were carried out for a system of 8000 particles at a reduced temperature Tϭ0.722 and a reduced number density nϭ0.844. The wall is located in the plane yϭ0. In the case of a frictionless wall, the interaction between a particle i and the wall is given by
In the second experiment, we add a term to that repulsive function to account for friction
where m was arbitrarily chosen as the integer part of L. The corrugation potential therefore has a wavelength of approximately .
The equations of motion were integrated using a fourthorder Gear predictor-corrector algorithm with a time step ϭ0.001. Properties were averaged over several runs of 200 time units. Figure 2 shows the scaled transient flow profiles obtained for a fluid flowing past a smooth wall using a configurational thermostat for an initial shear rate of 0. file. This confirms empirically the fact that the adiabatic SLLOD equations are simply Newton's equations applied to a system which is initially in local thermodynamic equilibrium for planar Couette flow. The physically unsound steady state flow profile for the PBT dynamics results from constraints exerted on the flow profile by the PBT thermostatting method and cannot be attributed to the adiabatic SLLOD algorithm.
IV. TRANSIENT REGIME RESULTS
We also mention that we observed, at short times, increased ordering within the fluid when submitted to high initial shear rates and when a configurational thermostat was used. Figure 3 shows the transient density profiles obtained for a fluid flowing past a smooth wall with an initial shear rate of 5. At tϭ0, there is a layering imposed on the equilibrium fluid, because of the confinement. For tϾ0, this layering is enhanced by the shear for some period of time as observed in Fig. 3 at tϭ10 . This is only a transient effect which vanishes once the system reaches a steady state.
V. STEADY STATE RESULTS
We now present the results obtained in the first experiment for a fluid flowing past a frictionless wall. First we consider the results obtained with a PBT. Figure 4 shows the scaled steady state flow profiles obtained for the simulation cell. The scaled steady state flow velocities are the actual steady state flow velocities divided by the expected steady state flow velocity (␥L/2).
Our results show that for low shear rates (␥р0.2) we obtain the expected plug flow profile: the fluid slips past the frictionless wall. For shear rates between 0.2 and 1, we observe an intermediate behavior. As shear rate increases, the actual flow profile differs more and more from the expected plug profile and gets closer and closer to the unphysical linear flow profile imposed by the PBT. The difference between the physically expected plug flow profile, imposed by internal friction within the fluid and zero friction with the wall, and the linear profile assumed in the equations of motion becomes more significant as shear rate increases. Hence thermostatting forces increase and begin to overcome internal friction within the fluid, resulting in this intermediate behavior. For shear rates above 1, we obtain a linear flow profile. In this regime, the thermostatting forces dominate internal friction within the fluid. Finally at shear rates higher than 2.5, we observe the alignment of particles into strings along the flow direction, i.e., the onset of the so-called string phase. The transition to the string phase occurs at approximately the same shear rate as for an homogeneous liquid of WCA particles. As shown in previous work, this transition occurs when the mean thermal velocities of particles are comparable to the typical change in streaming velocity between nearest neighbors. Obtaining a string phase in the course of this experiment is yet another proof that it is an artifact of the simulation method.
The results for the steady state flow profile might seem to indicate that results obtained for ␥р0.2 are free from any artifact. However, this is not the case. We plot in Fig. 5 the configurational temperature profiles obtained for the PBT simulations. We point out that configurational temperature profiles are an accurate measure of thermal motion at low shear rates since they are found to be in quantitative agreement with temperature profiles calculated using Eq. ͑3͒ with the actual flow profile. If the PBT were to work properly, the temperature should be equal to 0.722 in all points within the fluid. While the temperature is uniform at low shear rates ␥ р0.2, its average value is lower than the value supposedly fixed by the PBT by 3% at ␥ϭ0.05, by 17% at ␥ϭ0.1, and 63% at ␥ϭ0.2. Indeed, the PBT interprets the deviation of the actual plug flow profile from the assumed linear profile as heat, consequently dampens all thermal motion and results in a lower real temperature. This can have dramatic consequences on the simulation results: in such simulations, a liquid at a state point close to the triple point could be spuriously forced to freeze by the thermostat. We point out that it is only at very low shear rates ͑less than 0.01͒ that the imposed value for the temperature by the PBT and the actual temperature are the same within statistical errors. The temperature profiles obtained for shear rates higher than 0.2 are not uniform: regions where the actual flow profile is closer to the linear profile are associated with higher thermal velocities and a higher temperature. We also note that these profiles are parabolic as predicted by the Navier-Stokes equation for a fluid undergoing shear flow. This is consistent with the observed linear steady state flow profiles. These results clearly demonstrate that the PBT simulation method forces the fluid to undergo shear flow for shear rates higher than 0.2.
Unlike the PBT, the configurational thermostat gives results in agreement with the physical intuition. For all shear rates, the fluid slips past the wall and a steady state plug flow profile is observed. In all cases, the temperature profile is uniform as it should be ͑because in plug flow, the fluid does not shear͒.
We now turn to the results obtained for the second experiment performed with a corrugated wall. First, we give an account of the results obtained using a PBT. Scaled flow velocity profiles are plotted in Fig. 6 . Though the variety of behavior observed is larger than in the first experiment, the main conclusions are basically the same. Results are physically plausible for ␥р0.2. At ␥ϭ0.05, the flow is slowed down by the friction at the wall-fluid interface and a linear flow profile ͑with some slip͒ is observed in the steady state.
At ␥ϭ0.1, there is a strong ordering in the fluid layer closest to the wall at yϭ0, resulting in locking of the fluid. 25 At ␥ ϭ0.2, the shear rate is high enough so that the fluid does not feel the wall corrugation and slips past the wall. Flow profiles obtained at higher shear rates show again some intermediate behavior as a result of the competition between the thermostatting forces and friction within the fluid ͑some intermediate behavior can already be seen for ␥ϭ0.2). At higher shear rates an artificial linear flow profile is recovered and eventually the string phase appears. We point out again that although the flow profiles are physically sound for ␥ Ͻ0.2, the actual temperature within the fluid is considerably lower than the imposed value.
The flow profiles obtained with the configurational thermostat show similar features for ␥Ͻ0.2 ͑linear profile with slip at ␥ϭ0.05 and locking at 0.1͒ confirming that the PBT flow profiles are correct for this range of shear rates ͑Fig. 7͒. Nonetheless, the microscopic mechanism underlying the onset of locking is different. In both cases, the fluid is asymmetric: the density of the fluid layer close to the wall where locking occurs is larger than that of the fluid layer close to the wall where slip occurs. However, while strong ordering is observed along the x axis in the layer sticking to the wall with a PBT, we observe no such ordering when a configurational thermostat is used. It is more than likely that the constraint exerted on the flow profile by PBT ͑namely that the velocity along x is almost 0 in this layer͒ induces this strong ordering. Again, at higher shear rates, we observe the physically expected behavior when using a configurational thermostat: the fluid simply slips past the interface. We add that temperature within the fluid is uniform and equal to the value imposed by the thermostat at all shear rates investigated. 
VI. CONCLUSION
We have shown in this work that the effect of including an assumed flow profile in the simulation method can be quite dramatic. We report two main types of artifacts when using a common NEMD simulation method making such an assumption. First, we observe unphysical steady state flow profiles for shear rates above 0.2, culminating in the onset of a string phase. This again constitutes evidence that the string phase is an artifact. Second, we show that the actual temperature within the simulated system is much lower than the imposed value even at shear rates regarded as low and safe for molecular dynamics applications. These results clearly show that using this method to study inhomogeneous media such as shear induced ordering or shear induced phase transition may lead to spurious effects and incorrect conclusions. We also expect to observe spurious effects if a single component homogeneous liquid is subjected to shear rates high enough so that non-Newtonian effects, e.g., noticeable shearthinning, are observed. In the latter, the actual flow profile is expected to depart from the linear profile and to exhibit ''secondary'' flow profiles in directions parallel and perpendicular to the flow. 9 However, no artifact should be observed for a single component liquid undergoing shear flow in the Newtonian regime, which may be restricted to very low shear rates if one studies a polymeric fluid. We also show that in line with previous work, NEMD simulations performed with a configurational thermostat, which makes no assumption at all on the flow profile give physically sound results in all circumstances investigated. We plan to apply this method to study shear induced phase transitions in future work.
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